In the practical use for the production of the α-olefins, it is highly desired to develop a novel heterogeneous catalyst system. The metal complexes immobilized into the clay interlayers show a great potential as heterogeneous catalysts due to their excellent processability. In this study, nine types of heterogeneous procatalyst Ln/Ni 2+ -micas were synthesized via a one-pot preparation method, . A high catalyst activity was obtained when the substituent having a larger steric bulk than that of a methyl substituent was introduced at the ortho-position of the aryl rings. The introduction of the fluorine substituent as a strong electron-withdrawing group to the para-position also increased the catalytic activity. The L2, L4, L5, and L6/Ni 2+ -micas showed moderate selectivities to oligomers consisting of C 4 -C 20 in the range of 19.9 -41.6 wt% at 50˚C. The calculated Schulz-Flory constants α based on the mole fraction of C 12 and C 14 were within 0.61 -0.78.
Introduction
The oligomerization of ethylene is a major industrial process to produce α-olefins, which are used in the ethylene polymerization as a co-monomer and the preparation of a variety of economically important chemicals. Since Brookhart and coworkers found that the high electrophilicity of the cationic species of the α-diimine Ni(II) and Pd(II) complexes afforded a high activity for the polymerization of α-olefins, late transition-metal technology has attracted great attention in both academic and industrial research [1] - [8] .
Both the high activity of the catalysts and their ability to control the molecular weight of the products are attributed to the following key features of the catalyst design. A major research direction in this field is modification of the α-diimine ligand or bis(imino)pyridine ligand structures [9] [10] [11] . For example, orthosubstituents of the aryl rings on the imino groups play an important role in controlling the molecular weight of the products. In general, the molecular weight of polyethylene depends on the rate ratio of the chain transfer process relative to the chain propagation process [12] [13] [14] . The ortho-substituents on the aryl rings positioned at the axial sites for the triangle consisting of N-Ni-N in the complex can block the chain transfer reaction, such as β-hydrogen transfer to a monomer, because the rate of the chain transfer mainly depended on the steric bulk of the substituents [10] . Therefore, the molecular weight and the selectivity to oligomers or polymer can be controlled by tuning the steric bulk of the orthosubstituent. Another effective strategy is the tuning of the electronic state of the complexes. Qian et al. reported that the steric bulk and electro-withdrawing property of the halogen substituents have significant effects on the catalyst activity and the molar mass of the product [15] [16] . The charge control of the metal center in the complex could be achieved by introducing electro-donating groups or electro-withdrawing groups [17] [18] [19] . Modification of the ligand backbone structure is also known to be an important parameter in the catalyst design [20] [21] [22] .
Although homogeneous catalysts contain uniform and well-defined active sites, there are some drawbacks when these catalysts were used for industrial applications, especially the difficulty in separating the catalysts, products, and solvent [23] [24] . To apply the metal complexes for practical use in the polyolefin production, the complexes are commonly heterogenized by supporting these on solid carriers, which can be used in the slurry and gas-phase processes. Recently, several research groups have reported heterogeneous catalysts which were prepared by attaching the ligand to the carrier silica surface through a covalent bond because silica have high surface area, good porosity, and good mechanical properties [25] [26] [27] [28] [29] . While these supported catalysts were effective for the slurry polymerization, the preparation of the catalysts required a tedious process such as synthesis of a linker structure in the ligand and the reaction between the linker and surface silanol groups. In addition, the combination of the silica-supported methylalumoxane (MAO) with a metal complex is much easier, but often causes a decrease on the activity comparing to the corresponding ho-mogeneous systems. Therefore, a novel heterogeneous catalyst system with both a simple preparation method and high catalyst performance is desired the practical use.
Recently, we developed novel heterogeneous catalyst precursors (procatalyst) immobilizing late transition-metal complexes in clay mineral interlayers, which were prepared by the direct reaction of a cation-exchange clay mineral (host material) and α-diimine or bis(imino)pyridine ligands (guest material) [30] - [36] .
These procatalysts were readily assembled by intercalation of the guest into the host interlayers and subsequent coordination of the guest with the interlayer metal cations. The significance of these procatalysts was the wide selectivity to activators involving not only MAO, but also alkyl aluminum compounds and excellent processability, e.g., no bleaching of the active species from the clay mineral during the slurry polymerization. Moreover, the steric and/or electronic properties of these heterogeneous catalysts can be changed by modification of the ligand structures, which are performed in the homogeneous catalysts. We also developed a one-pot preparation method of the heterogeneous procatalysts by the reaction of Fe 3+ ion-exchanged montmorillonite, ketone derivatives, and aniline derivatives [35] . While the obtained catalysts showed a high activity for the olefin oligo-/polymerization, the details of these catalyst systems, e.g., the electronic and steric effects on the catalytic properties, have not yet been clarified.
In this study, we report the synthesis of a series of novel heterogeneous catalyst immobilizing α-diimine Ni(II) complexes with an acenaphthyl backbone via a one-pot preparation method. Their catalytic properties for the ethylene oligo-/ polymerization were also investigated.
Experimental

General Information
The chemicals used for the procatalyst preparation and the ethylene oligo-/polymerization were purchased from Kanto Chemical Co., Inc., and Tokyo Chemical Industry Co., Ltd. The fluorotetrasilicic mica (Na + -mica) was supplied by COOP Chemical Co., Ltd. The solvent used for the procatalyst preparation and the ethylene oligo-/polymerization was degassed by N 2 bubbling, and then dehydrated over 400˚C-dried molecular sieves (MS-13X) before use. The preparation and handling of the procatalysts were performed by a standard Schlenk technique under a N 2 atmosphere.
Preparation of Procatalyst (Ln/Ni 2+ -mica)
As shown in Figure 1 , we synthesized procatalysts (Ln/Ni 2+ -mica) via the following two steps: 1) cation-exchange reaction of Na + -mica and 2) one-pot preparation of the procatalyst. To overcome the problem in synthesizing unstable ligands or forming ligands in low yields, the one-pot preparation is an efficient methodology to form a metal complex [37] . Our one-pot process includes the condensation reaction of acenaphthenequinone and an aniline derivative, the intercalation of the formed ligands into the Ni 2+ -mica interlayer, and the reaction of the ligand and metal ions in the interlayer to form the corresponding metal complexes.
Preparation of Ni 2+ -Mica
Five grams of Na + -mica (amount of Na = 10. h to obtain the Ni 2+ -mica. The composition of Ni 2+ -mica was determined by an X-ray fluorescence (XRF) analysis (PW2400; PANalytycal B.V.). 
Preparation of Ln
Ethylene Oligo-/Polymerization
The ethylene oligo-/polymerization was conducted using a 120-ml autoclave equipped with a magnetic stirrer. n-Heptane (50 ml), n-tridecane as the internal standard (0.5 ml, 10 vol.% in toluene), the prepared procatalyst (4 mg, theoretical amount of Ni complex = 1.6 μmol), and an alkylaluminum compound as the activator (480 μmol, Al/Nicomplex = 300) were successively added to the autoclave under a N 2 atmosphere. The autoclave was placed in a water bath that was maintained at the reaction temperature (50˚C or 70˚C). Ethylene was continuously supplied with the ethylene pressure maintained at 0.7 MPa. After 1.5 h, 1.0 ml of a gas sample was extracted from the gas-phase in the autoclave and analyzed by a gas chromatograph equipped with a thermal conductivity detector (GC-8A; SHIMADZU Corporation) to determine the amount of C 4 products in the gas-phase. The autoclave was cooled to 0˚C in an ice bath and the produced oligomers (C 6 -C 20 ) were quantitatively determined by a gas chromatograph equipped with a flame ionization detector (GC-14A; SHIMADZU Corporation).
The reaction was terminated by the addition of ethanol, and the produced solid polyethylene was recovered by filtration, dried, and weighed. During the reac-tion, the ethylene flow into the reactor was measured by a mass flow meter connected to the ethylene supply line. The activities in all the catalytic runs were determined by the total amount of the ethylene consumption.
Results and Discussion
Characterization of the Procatalysts
The physicochemical properties of the prepared Ni 2+ -mica were determined by an X-ray fluorescence (XRF) measurement as summarized in Table 1 Mica-type clay minerals are constructed by stacking of 2:1 layers of which negative charge is compensated by interlayer cations [41] . The intercalation of the ligands into the interlayers causes an increase in the basal spacing (d 001 ), resulting in the shift of the diffraction peak to a lower angle. Figure 3 shows the XRD profiles of the Ln/Ni 2+ -mica, the dried Ni 2+ -mica, and that treated with only the acetonitrile solventin the range of 3 -13 degrees (diffraction angle, 2θ). mica without any treatments, we observed expansion of the basal spacing for all the procatalysts. These results indicated that we could successfully prepare the Ln/Ni 2+ -mica by a one-pot preparation method.
Optimization of Oligo-/Polymerization Conditions
The procatalyst L5/Ni 2+ -mica was used for the ethylene oligo-/polymerization, and the parameters, such as an effective activator (co-catalyst) and Al/Ni molar ratio, were optimized due to the high catalytic activity. The ethylene oligo-/polymerization trials were conducted using four types of alkylaluminum compounds, such as poly(methylalumoxane) (PMAO), modified methylalumoxane (MMAO), triethylaluminum (TEA), and triisobutylaluminum (TIBA), with variations in the molar ratio of the Al and Ni complex (Al/Ni) from 300 to 900 at 50˚C under 0.7 MPa ethylene pressure.
The results are summarized in Table 2 . The product shares (wt%) in the tables were calculated from the amounts of the C 4 -C 20 oligomers, the solid product (polyethylene), and the total ethylene consumption. The commonly used activator in this field, PMAO, efficiently activated the procatalyst with high activities.
On the other hand, when MMAO was used as the activator, we could not obtain any products. The L5/Ni 2+ -mica combined with TEA or TIBA exhibited a moderate activity toward the ethylene oligo-/polymerization at 50˚C. In view of the safety and industrial applications, readily available TEA and TIBA with a mild reactivity are better activators than MAO. Therefore, we used TEA and TIBA for further investigation. Variation in the Al/Ni ratio from 300 to 900 was conducted. When the Al/Ni ratio was 600, the highest catalytic activity of 656 g-ethylene·g-cat −1 ·h −1 was observed. The activity then slightly decreased with the higher Al/Ni ratio of 900. There were no obvious differences in the selectivity to the α-olefin. Due to the handling ability in the laboratory, we fixed the Al/Ni ratio at 300 for further investigation.
In this study, the catalyst activities were determined by the total amount of the 
Ethylene Oligomerization
The objective in this study is to clarify the influence of the substituted ligand structure on the catalyst performance with regard to the activity, the selectivity to the α-olefins, and the branching densities of the products. The Ln/Ni 2+ -mica procatalysts were used for the ethylene oligomerization at the Al/Ni ratio of 300 and 0.7 MPa ethylene pressure along with varying the activator and reaction temperature. The results are summarized in Table 3 (data obtained at 50˚C) and Table 4 (data obtained at 70˚C). a Reaction conditions; temperature = 50˚C, time = 1.5 h, ethylene pressure = 0.7 MPa (gauge), solvent = n-heptane 50 ml, Al/Ni = 300, procatalyst = 4 mg. Abbreviations in the table are the same as those in Table   2 .
b The share of the branched α-olefins in the oligomer products determined by GC. a Reaction conditions; temperature = 70˚C, time = 1.5 h, ethylene pressure = 0.7 MPa (gauge), solvent = n-heptane 50 ml, Al/Ni = 300, procatalyst = 4 mg. Abbreviations in the table are the same as those in Table 3 .
Effects of ortho-Substituent on Catalyst Properties
We first studied the effects of the ortho-substituents of the aryl rings on the performance of the catalyst (Table 3, Entries 7 -12 and Table 4 Generally, the catalysts activities and the product distribution are dependent on both the steric bulk and the electronic effect. The sterically bulky ortho-substituents of the aryl rings were considered to block the axial sites of the metal center. The mechanism of ethylene oligo/polymerization by the α-diimine nickel complex possessing ortho-substituents is represented in Scheme 1. During the chain propagation process, both the growing polymer chain and the coordinated ethylene monomer occupy the equatorial sites of the active nickel center.
Meanwhile, the chain transfer process proceeds through the 5-coordinate transition state which undergoes the chain transfer with the incoming ethylene monomer from the axial sites of the nickel center [9] . The steric crowding at the axial sites is critical for suppressing the associative chain transfer process with the ethylene monomer at the axial site and results in the formation of a high molecular-weight polymer [12] [13] [14] . Thus, the products prepared by the L1 and L3/Ni 2+ -mica possessing relatively bulky ortho-substituents were composed Scheme 1. Mechanism for ethylene oligo-/polymerization with α-diimine nickel complex.
of a large quantity of the solid product with a small amount of oligomers. In addition, the sterically bulky substituent was considered to increase the groundstate energy of the resting-state species [11] [13] . Thus, the larger methyl substituent of the L1/Ni 2+ -mica was assumed to cause destabilization of the ground state species, resulting in a higher catalyst activity than those of the L2 and L3/Ni 2+ -mica.
Compared with the hydrogen, the halogen substituents afforded both the steric effects and the electron-withdrawing effects on the active metal center.
The introduction of the electron-withdrawing substituents increased the elec- Furthermore, the low steric bulk of the fluorine group in the L2/Ni 2+ -mica was insufficient for the accelerating ethylene insertion during the chain transfer process. This strong electron-withdrawing effect and the small size of the orthofluorine substituent produced both the high catalyst activity and the oligomer selectivity. A similar behavior was reported by Alt et al. [44] .
Effects of para-Substituent on Catalyst Properties
We next examined the influence of the para-substituents of the aryl rings on the catalyst properties (Table 3 and Table 4 ). At 50˚C, the L4-L6/Ni The L5/Ni 2+ -mica (4-F as the substituent) showed the highest activity and the L4/Ni 2+ -mica (4-CH 3 as the substituent) showed the lowest activity among the catalysts with para-substituents. The L4/Ni 2+ -mica showed about a 30% lower activity than the L1/Ni 2+ -mica having ortho-methyl substituents. Meanwhile, the L5/Ni 2+ -mica showed about a 30% higher activity than the L2/Ni 2+ -mica, and the L6/Ni 2+ -mica (4-Br as the substituent) showed an activity similar to the L3/Ni 2+ -mica (2-Br as the substituent). The catalysts with para-halogen substituents exhibited higher activities than those of the ortho-halogen substituted catalysts. The results indicated that the catalyst activities of the catalysts with parasubstituents mainly depended on the electronic effects relative to those of the steric bulk. Alt et al. reported that the bis(arylimino)pyridine iron complexes with 4-halogen-2-methyl substituents showed much higher activities than the complexes with 2,4-dimethyl substituents [45] . The activities of their catalysts increased in the order from bromine-, chlorine-, iodine-, to fluorine-substituted complexes, which were in good agreement with the order of the electronegativities except for iodine. Thus, it is suggested that the electro-withdrawing parahalogen substituents in the L5 and L6/Ni 2+ -mica reduced the electron density of the cationic nickel center and enhance the coordination of the ethylene monomer to the nickel center, resulting in the increasing catalytic activity.
In terms of the oligomer selectivity, the L4-L6/Ni 2+ -mica showed a moderate selectivity to the α-olefins. The shares for the C 4 -C 20 oligomers obtained by the L4-L6/Ni 2+ -mica were 19.9 -27.6 wt% at 50˚C. Compared to the ligand having a sterically hindered ortho-substituent in the L1 and L3/Ni 2+ -mica, the less steric ligands in the L4-L6/Ni 2+ -mica was considered to affect the low suppression effect on the chain transfer process, resulting in the moderate oligomer selectivity.
On the other hand, the L5/Ni 2+ -mica showed an oligomer selectivity lower than the L2/Ni 2+ -mica. This is presumably due to the prevention of the chain transfer process caused by the electron-withdrawing effect ofthe para-fluorine substituent. The L4/Ni 2+ -mica with the electro-donating methyl substituent showed slightly higher oligomer selectivity than the L5 and L6/Ni 2+ -mica. These results indicated that the para-halogen substituents led to an increase in the catalyst activity and slightly decreased the oligomer selectivity.
When the reaction temperature increased to 70˚C, the catalytic activity decreased and the oligomer selectivity increased in all the catalytic runs. For example, the oligomer share obtained by the L4/Ni 2+ -mica with TIBA increased from 27.6 to 41.7 wt% as the reaction temperature increased from 50˚C to 70˚C. The higher reaction temperature was considered to enhance the rotation of the aryl group in the complex, and thus, the chain transfer rate increased [21] [43]. Also, the branch rates (represents by the share of the branched α-olefins in the oligomer products determined by GC) tended to slightly increase with the increasing reaction temperature. For example, the branch rates of the L5/Ni 2+ -mica with TEA increased from 4 to 9 mol% as the reaction temperature increased from 50˚C to 70˚C. The branch rates of the oligomer products depended on the rate of the "chain growth" and "chain walking" which competitively proceeded [3] [11] .
In all the runs, our procatalysts tended to exhibit a lower oligomer selectivity in comparison to the previous reports based on the homogeneous catalysts. For example, Alt et al. reported that the homogeneous α-diimine nickel catalysts with halogen substituents afforded a suitable selectivity to ethylene oligomers with a high activity [44] . The shares for the oligomers obtained by their catalysts with para-halogen substituents were almost 100 wt%, and even the orthobromine-substituted catalyst showed a 76 wt% oligomer selectivity. Compared to these homogeneous catalyst systems, the nickel complexes in our procatalyst were immobilized into the mica interlayer. Thus, it was suggested that Ln/Ni 2+ -mica had less free space at the axial position of the nickel complex than the homogeneous catalyst due to the existence of the mica sheets near the nickel complexes. The narrow space around the nickel center was assumed to prevent the ethylene insertion from the axial site and suppress the chain transfer process, resulting in the lower oligomer selectivity. In addition, the bulky acenaphthene backbone of our procatalysts was considered to afford the lower oligomer selectivity. In a previous study using the Ni 2+ -mica procatalysts having α-diiminetype ligands, the catalyst with fluorine groups at the ortho-position of the aryl rings showed a higher selectivity to α-olefins with the value of 96.5 wt% at 60˚C in comparison to those of the L2/Ni 2+ -mica [33] . These results indicated that the Ln/Ni 2+ -mica having an acenaphthene backbone were preferable to forming polyethylene rather than the oligomers.
Effects of di-Substituent on Catalyst Properties
A striking feature observed in the data is that the procatalysts with di-halogen substituents on the aryl rings did not show any significant activity (Table 3 when two methyl substituents were introduced at both ortho-positions on the aryl rings [35] . Thus, the significant decrease in the catalytic activities was due to the introduction of the two electron-withdrawing groups on the aryl rings. The introduction of an excess amount of the electron-withdrawing groups enhanced the interaction between the nickel center and the coordinated ethylene, and the strong interaction prevented the ethylene insertion into the metal-alkyl bond, resulting in the active species being more easily decomposed [46] .
Properties of Oligomer Products
To investigate the distribution of the oligomer, the molar fraction of each product was measured by a gas chromatograph, as shown in Table 5 temperature was elevated from 50˚C to 70˚C, indicating that the β-hydrogen elimination reaction, which is the major chain-transfer reaction and gives an unsaturated chain end, favorably occurredat the higher reaction temperature in comparison to the chain propagation reaction.
The probability of the chain propagation can be described by the Schulz-Flory constant α [12] . A higher α value directly corresponds to an increase in the chain propagation probability, resulting in the formation of higher molecular-weight 
Effects of Activator and Temperature on Catalyst Lifetimes
One of the interesting characteristics of our heterogeneous procatalyst systems was the long lifetime of the active species during the reaction in the presence of TIBA. The catalyst lifetimes of the L1-L6/Ni 2+ -mica with activators were investigated by measuring the ethylene consumption profiles by a mass flowmeter. (as standard temperature and pressure), and the periods for the full activation of the procatalysts required 52 -72 minutes after supplying the ethylene.
The effects of the activator and the temperature on the profile were investigated. Figure 5(b) shows the ethylene flow profiles during the oligomerization using the L2/Ni 2+ -mica at the various reaction conditions. When we used TEA at 50˚C, the activation period shortened and the maximum ethylene consumption rate decreased in comparison to those using TIBA, resulting in the decreasing catalytic activity as shown in Table 2 . The slow activation of the procatalysts by TIBA was presumably due to the lower Lewis acidity of TIBA which indicates a weaker reactivity than TEA. At 70˚C, the lifetimes of the L2/Ni 2+ -mica in the presence of both TEA and TIBA became shorter than those observed at 50˚C.
The maximum consumption rates observed by the L2/Ni 2+ -mica were similar at both 50˚C and 70˚C. These results indicated that about 30% -80% lower yields of the product at 70˚C were mainly due to the shorter lifetimes of the active species in comparison to those obtained at 50˚C.
Conclusion
We synthesized nine types of novel heterogeneous procatalyst Ln/Ni 2+ -micas with a series of substituted ligand structures via a one-pot preparation method.
The basal spacings of the obtained L1-L9/Ni 2+ -mica were in the range of 1.20 -1.30 nm, indicating the immobilization of the Ni complex into the mica interlayers. In the presence of the TEA or TIBA, the L1-L6/Ni 2+ -mica, which has one ortho-or para-substituent on the aryl ring, was active for the ethylene oligo-/ polymerization reaction, while the L7-L9/Ni 2+ -mica having two halogen substituents were inactive. The catalyst activity and oligomer selectivity of the procatalysts depended on the position, steric bulk, and electronegativity of the substituents on the aryl rings. The strong electron-withdrawing groups, the orthofluorine and para-fluorine substituents, increased the catalyst activity due to increased electrophilicity of the nickel center. The decreasing steric bulk of the ortho-substituent increased the selectivity to the oligomer fraction. Also, the procatalysts having one para-substituent afforded moderate yields of the oligomers.
In conclusion, our heterogeneous procatalyst system exhibited a moderate catalyst activity with a long lifetime as well as that of the conventional homogeneous system. In this system, the substituent and the backbone in the ligand structures are easily controlled by changing the structures of the aniline derivatives and the ketone derivatives, which are the reactants of the one-pot preparation method. Therefore, we can control the activity and the product selectivity by tuning the ligand structure. Our findings suggest that a complex with more free space at the axial position of the nickel center is necessary for increasing the oligomer selectivity. The less bulky structure of the ligand backbone is also considered to enhance the oligomer production.
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